Multivariate Genetic Analysis of Blood Pressure and Body Size
Systolic and diastolic blood pressure are important predictors of atherosclerotic disease in adults.1"2 In children, blood pressure may predict an increased risk of both hypertension and atherosclerosis with onset in adulthood. 3 In subjects of all ages, those who weigh the most often have the highest blood pressure. Thus, in epidemiological studies, weight is the most important correlate of blood pressure.45 Furthermore, weight loss often lowers blood pressure in obese adults and children.67 Physicians recognize the relation between weight and blood pressure and often recommend weight loss to patients at risk for sustained hypertension.
Before recommending weight loss as an intervention to lower blood pressure in children who are not frankly obese, the relation between weight and blood pressure needs to be more carefully defined. Essential diastolic hypertension can occur in lean children, making a direct mechanism linking weight with systolic and diastolic affirmatively replying families were invited to participate. All twins were examined as close as possible to their 11th birthdays. Within the total population of 341 twin pairs, there were 253 Caucasian twin pairs that made up the sample for this study. For the purposes of analysis, the twins were divided into five groups by zygosity and sex within a pair. The designation "twin 1" or "twin 2" was by birth order except in the case of opposite sex twins, in whom the male twin was designated as twin 1. The average age was 11.2±0.2 years.
Zygosity Determination
Zygosity was assessed initially by a questionnaire and confirmed by testing of the twins and their parents for the ABO, MNS, Rh, Kell, Fy, Hp, Tf, Hb, PGM, AP, G-6-PD, Ct, and LDH systems. HLA typing was also performed. With this battery of polymorphisms, the probability of dizygosity for concordant pairs typically is >0.001.11 Blood Pressure A casual blood pressure was measured using a mercury sphygmomanometer with the appropriate compression cuff with the subject in the sitting position. The chosen cuff was big enough to circle at least half of the upper arm without overlapping. The rubber bladder rested over the artery being compressed and had sufficient width to cover at least two thirds of the upper arm. The pressure within the compression cuff indicated by the level of the mercury column at the murmur of the first-and fourth-phase Korotkoff sounds was recorded. The blood pressure was recorded three times and averaged. The interobserver intraclass correlation coefficients for blood pressure were r=0.89 and r=0.84 for systolic and diastolic blood pressures, respectively.
Anthropometric Measurements
Weight was recorded in kilograms on an electronic scale that was calibrated using standardized weights. Height was measured using a stadiometer. Body mass index (BMI) was calculated as (weight in kilograms)/ (height in meters)2. Tanner Stage Pubertal staging of all children was performed using a five-scale score based on Tanner's criteria.12
Statistical Analyses
Descriptive statistics. Mean differences within a twin pair were tested with a paired t test and overall malefemale differences with a pooled t test. To summarize the correlation of variables across twins, correlation coefficients were pooled using a z-score procedure developed by Fisher.13 Natural log transformations were used to normalize the distributions of weight and BMI, both of which were positively skewed.
To investigate influences of weight on the correlation of systolic and diastolic blood pressure, we performed a linear regression of both systolic blood pressure and diastolic blood pressure on weight and analyzed the resulting residuals. Similar regression analyses were performed on blood pressure and BMI.
Multivariate genetic analysis. We used multivariate path analysis to investigate the nature of the interrelations between the genetic and environmental determi- 
Correlations
The Pearson product-moment correlation coefficients appear in Table 3 by zygosity and sex group for all of the variable twin combinations. The across-twins-withinvariable monozygotic coefficients were larger than the across-twins-within-variable dizygotic coefficients for all three variables, suggesting that genetic effects make a significant contribution to the observed variation. The across-twins-across-variables correlations provide insight into sources of covariation between systolic and diastolic blood pressure and weight. These acrosstwins-across-variables correlations for the monozygotic pairs were higher than those for the dizygotic pairs, for systolic blood pressure-diastolic blood pressure, and systolic blood pressure-weight, wherein the dizygotic correlations were not different from zero in either boys or girls. This may indicate that genetic effects are important in bringing about covariation between the sets of variables. No significant correlation was found either in monozygotic or dizygotic pairs for diastolic blood pressure-weight. One twin from each pair was chosen randomly. The unadjusted correlation within an individual for systolic blood pressure and diastolic blood pressure was significant (r=0.33, p<0.01). The correlations of the blood pressure variables and weight variables within an individual are given in Table 4 . For systolic blood pressure and weight, the unadjusted correlation coefficient (r=0.40) suggested that 16% of the variation in systolic blood pressure was accounted for by variation in weight. The correlations for diastolic blood pressure with weight and diastolic pressure with BMI were not significantly different from zero. After sequentially regressing both systolic blood pressure and diastolic blood pressure on weight and systolic blood pressure and diastolic blood pressure on BMI, the correlations of the residuals showed no significant change from their unadjusted value. This suggests that neither weight nor BMI were important factors in the covariation of systolic blood pressure with diastolic blood pressure.
Multivariate Genetic Analyses
The best-fitting multivariate model for systolic blood pressure is depicted in Figure 1 . The magnitude of the effects on systolic blood pressure and weight were equal in boys and girls. The genetic effect on diastolic blood pressure was larger in boys than in girls, which is indicated by the relative width of the solid arrows in the upper and lower portions of Figure 1 . Table 5 lists the parameter estimates for the model depicted in Figure 1 . Table 6 is a tabulation of the variance of systolic blood pressure partitioned according to source, based on the best-fitting model. Overall, genetic effects accounted for 63.8% of the variance of systolic blood pressure. The percentage of the total variance caused by genetic effects common to systolic blood pressure and weight was 11.2%. Likewise, the percentage of the total variance caused by genetic effects common to systolic blood pressure and diastolic blood pressure was 8.7%. Genetic Nonsolid arrows represent causal paths that were fixed at zero (dropped from the model) during the model fitting process. Depicted here is the model for the unlike-sex dizygotic twin pairs; however, the results for like-sex malepairs are the same as thosefor the male subjects shown here. Likewise, the results for like-sex female pairs are the same as those for the female subjects shown here. Table 5 lists the parameter estimates for each path. In Table 6 , the variance of SBP is partitioned into its genetic and environmental sources. WT, log-transformed weight; DBP, diastolic blood pressure; SBP, systolic blood pressure. Estimates are for the model designed to partition the variance of SBP (Figure 1 ). effects specific to systolic blood pressure accounted for 43.9% of the total variance. Nonshared environmental effects that were specific to systolic blood pressure accounted for 34.3% of the total variance. Those nonshared environmental effects common to systolic blood pressure and diastolic blood pressure were 1.9%. There were no nonshared environmental effects common to systolic blood pressure and weight. We found no evidence for shared environmental effects for any of the variables.
A separate model was designed to partition the sources of variation of diastolic blood pressure ( Figure  2 ). The parameter estimates for this model appear in Table 7 . Because we observed sex differences in the magnitude of the genetic effects on diastolic blood pressure, the variance of diastolic blood pressure was partitioned separately for boys and girls (Table 8 ). The percentage of the total variance caused by genetic effects common to systolic and diastolic blood pressure was different in boys (7.4%) and girls (10.9%). We found no evidence for a genetic effect common to best-fitting model, 74% of the correlation between systolic blood pressure and diastolic blood pressure in boys was due to common genes (see "Appendix"). In girls, the genetic component of the systolic blood pressure-diastolic blood pressure correlation was 67%. In both sexes, the systolic blood pressure-weight correlation was attributed entirely to genetic effects.
Quantitative parameter estimates for the model and sources of variation for the analyses of the blood pressures and BMI were similar to weight and are provided in Tables 9 and 10 . Parameter estimates for the diastolic blood pressure model and sources of variation for BMI are provided in Tables 11 and 12. Discussion We found that there was a strong genetic relation between systolic blood pressure and weight and between systolic and diastolic blood pressure. There are genetic paths that are shared between these two sets of variables but in each case, the genetic paths for each pair appear to be separate from one another. The correlations found among these variables in large part are due to these genetic relations. We found no evidence for a genetic relation between diastolic blood pressure and weight or diastolic blood pressure and BMI.
A strength of this study is its population, a large sample of same-aged, preadolescent twins of either sex. The power of the sample population allows us to resolve the genetic relations of these variables. One important limitation of the study is that we do not have a large enough sample of black children to fully characterize the genetic and environmental contributions to the variance of the blood pressure-weight relation by race.
In Depicted here is the modelfor the unlike-sex dizygotic twin pairs; however, the results for like-sex malepairs are the same as those for the male subjects shown here. Likewise, the results for like-sex female pairs are the same as those for the female subjects shown here. Table 7 lists the parameter estimates for each path. In Table 8 , the variance ofDBP is partitioned into its genetic and environmental sources. a confounding variable to be controlled in order to explore the full impact of blood pressure. Only later, when weight was analyzed, holding blood pressure constant as a confounding variable, was weight found to have an independent predictive value for coronary heart disease. 19 We investigated a model that included a path from a set of genes that influenced both weight and systolic blood pressure. This path was found to account for a significant proportion of the variance of systolic blood pressure. The model also accounted for the strong correlation of weight and systolic blood pressure. Hanis et aP20 showed in the Muscatine Study that a large proportion of the observed familial aggregation of systolic blood pressure could be explained by the familial (Figure 2 ). aggregation of weight. They found that 30% of the full sibling correlation was due to effects of weight. Their analyses included both shared genetic and shared environmental factors that contribute to the covariance of weight and systolic blood pressure.
In contrast, removing the effects of weight on diastolic blood pressure did little to reduce the genetic variance. This suggests that genetic paths that regulate diastolic blood pressure are not common to weight. In the Bogalusa Heart Study, obese and very obese children had significantly higher systolic blood pressures than nonobese children; however, only the very obese children had significantly higher diastolic blood pressures.
In a longitudinal study of children from Bogalusa, La., after dividing groups by ponderosity, there was a negative correlation between year 1 ponderosity and year 6 diastolic blood pressure, suggesting that ponderosity does not predict elevated diastolic blood pressure. This observation was true for black children and white children of either sex. Overweight adults frequently have elevated diastolic blood pressure, and this may suggest that the genes that regulate diastolic blood pressure in children may be different from those found in adults.
Removing the effects of weight or BMI did little to reduce the correlation of systolic and diastolic blood pressure. We believe that this reflects mechanisms other than weight that influence common regulatory pathways. Perhaps this relation depends on genes shared in regulation of the connective tissue content of the vessel walls.
Correlations found in epidemiological studies identify important relations. The relation in adults of weight to both systolic and diastolic blood pressure has been the foundation of the recommendation for weight loss in hypertensive patients. In children, a similar correlation exists between weight and systolic blood pressure. In this current study of children, we found that this relation depends almost entirely on the presence of genetic paths common to systolic blood pressure and weight. Our findings may explain in part, the lower correlations of diastolic blood pressure compared with systolic blood pressure with either weight or weight loss that have been seen in other studies. 22 Weight or ponderosity in children and in adults may affect blood pressure via separate genetic mechanisms. Studies of obese subjects frequently demonstrate that weight loss reduces blood pressure.23 One possible explanation is that genes for obesity are different than genes that regulate normal body weight. Moll et a124 have demonstrated that obesity may result from genes other than those that regulate normal body weight. This multivariate genetic analysis allows us to begin to understand the epidemiological association of weight and blood pressure. The advantage of multivariate genetic path analysis is that it allows us to consider the effects of systolic blood pressure, diastolic blood pressure, and weight simultaneously and to analyze genetic and environmental effects separately. Total variance can be partitioned into those effects, whether genetic or environmental, that affected one variable specifically or two or more variables concurrently. We were thus able to characterize the relation between weight and systolic blood pressure and the relation between systolic and diastolic blood pressure. Our analysis clearly documented that, in nonobese children, neither the genetic nor the environmental effects of weight influenced diastolic blood pressure. Moreover, because no shared genetic or environmental effects accounting for the variance of diastolic blood pressure were common to systolic blood pressure and weight, the relation between diastolic and systolic blood pressure must depend on regulatory mechanisms that do not directly affect weight. These analyses provide a method to partition the correlation coefficients found in epidemiological studies into genetic and environmental components. In this study, virtually all of the correlation between weight and systolic blood pressure and a large part of the correlation between systolic blood pressure and diastolic blood pressure in both boys and girls was explained by genetic paths.
Further studies are required to understand the genetic mechanisms responsible for the covariance of weight and blood pressure. Preventive recommendations should be based on the findings of such studies.
Partitioning the Correlation Between Systolic Blood Pressure and Diastolic Blood Pressure
Path analysis allows the estimation of the correlation between two observed variables by multiplying the coefficients along any path(s) connecting them, and, if there is more than one such path, summing the products. For example, if systolic blood pressure (SBP) and diastolic blood pressure (DBP) in male twins are considered in Figure 1 , there are two paths connecting them: one through the effect labeled "Genetic Effects on DBP and SBP in Males," the other through the effect labeled "Environmental Effects on DBP and SBP in Males." To estimate the portion of the correlation of SBP and DBP caused by genetic effects within an individual male, the two relevant coefficients (see Table 5 ) are multiplied: Similarly, to estimate the portion of the correlation caused by environmental effects that influence both SBP and DBP: 0.646x0.134=0.087 The total correlation is the sum of these two: 0.252+0.087=0.339
The percent of the correlation caused by genetic effects common to SBP and DBP is (0.252/0.339)x 100=74.3% The percent of the correlation caused by environmental effects common to SBP and DBP is (0.087/0.339)x 100=25.7%
